Pythium insidiosum is a human-pathogenic oomycete. Many patients infected with it lose organs or die. Toward the goal of developing improved treatment options, we want to understand how Py. insidiosum has evolved to become a successful human pathogen. Our approach here involved the use of comparative genomic and other analyses to identify genes with possible functions in the pathogenicity of Py. insidiosum. We generated an Oomycete Gene Table and used it to explore the genome contents and phylogenomic relationships of Py. insidiosum and 19 other oomycetes. Initial sequence analyses showed that Py. insidiosum is closely related to Pythium species that are not pathogenic to humans. Our analyses also indicated that the organism harbours secreted and adhesin-like proteins, which are absent from related species. Putative virulence proteins were identified by comparison to a set of known virulence genes. Among them is the urease Ure1, which is absent from humans and thus a potential diagnostic and therapeutic target. We used mass spectrometric data to successfully validate the expression of 30% of 14,962 predicted proteins and identify 15 body temperature (37 °C)-dependent proteins of Py. insidiosum. This work begins to unravel the determinants of pathogenicity of Py. insidiosum.
Results
General characteristics of oomycete genomes. All genome sequences were retrieved from public databases ( Table 1 ). The oomycete genomes differ in size and are larger than those of diatoms (26) (27) (28) (29) (30) (31) . These genomes have different G + C contents (43-59%), numbers of coding sequences (CDS; 11,958-27,941 genes) and CDS density (12-75%) . Albugo and Pythium harbour smaller genomes than other oomycetes . Ph. infestans has the largest genome (229 Mb) with the lowest CDS density (12%), whereas Al. laibachii has the smallest genome (33 Mb) with the highest CDS density (75%).
Homologous gene cluster data. A total of 368,724 genes identified in 20 oomycete and 2 diatom genomes were grouped into 98,988 unique homologous gene clusters. The homologous gene cluster data used in this study can be assessed using our Oomycete Gene Table online tool, which can be found at http://www.sbi.kmutt.ac.th/ cgi-bin/gt/viewer?organism=oomycetes&build=150418 (description and instructions of the Oomycete Gene Table will be reported in detail elsewhere). To narrow down the Py. insidiosum-specific gene clusters, we selectively classified these 98,988 gene clusters into subgroups based on gene content similarities, at the 'major group' level (including two groups, i.e. Diatoms and Oomycetes), the 'genus' level (including six oomycete genera, i.e. Albugo, Aphanomyces, Hyaloperonospora, Phytophthora, Pythium and Saprolegnia) and the 'species' level (including seven Pythium species, i.e. Py. insidiosum, Py. irregulare, Py. iwayamai, Py. ultimum, Py. vexans, Py. arrhenomanes and Py. aphanidermatum). Each 'Core' box (the green box in Fig. 1 ) represents the shared gene clusters, identified in (i) all 20 oomycetes and 2 diatoms (assigned as Core 1, containing 4,371 gene clusters), (ii) all 6 oomycete genera (assigned as Core 2, 3,893 gene clusters) and (iii) all 7 Pythium species (assigned as Core 3, 69 gene clusters). Each 'Variable' box (the blue box in Fig. 1 ) contains non-Core gene clusters, in each subgroup: Variable 1 (major groups, containing 94,617 gene clusters), Variable 2 (oomycete genera, 73,671 gene clusters) and Variable 3 (Pythium species, 5,196 gene clusters). Each 'Unspecific' box (the orange box in Fig. 1 ) represents the gene clusters, identified in at least two, but not all, major groups (assigned as Unspecific 1, containing 7,343 gene clusters), oomycete genera (assigned as Unspecific 2, 38,594 gene clusters) and Pythium species (assigned as Unspecific 3, 2,229 gene clusters). The gene clusters (those specific to a particular major group, genus or species) are grouped together (the white box in Fig. 1 ). Py. insidiosum contained a unique set of 997 gene clusters, not identified in other oomycete and diatom genomes.
BLAST searches against the Clusters of Orthologous Groups of Proteins (COGs) database 23, 24 demonstrated that 62% of the Core 1 gene clusters (belonging to oomycetes and diatoms) can be assigned to 22 out of 23 COG groups, with no gene matches for 'Extracellular structures' (Supplementary Fig. S1 ). Of the Core 2 gene clusters (belonging to the oomycetes), 23% can be allocated to 21 COG groups, with none in 'Nuclear structure' or 'Extracellular structures' . Approximately 3% of the Core 3 gene clusters (belonging to the genus Pythium) had matches in two COG groups: 'Cytoskeleton' and 'Post-translational modification, protein turnover, chaperones' . Gene content comparison. In Fig. 2 , the gene content similarity is the proportion of the gene clusters identified in each organism, listed on the left of the figure, that matched the gene clusters identified in each organism, listed at the top. For example, the gene content similarity of Py. insidiosum (listed on the left of Fig. 2 ) vs. Ph. infestans (listed at the top) is 77%, indicating that 77% of the Py. insidiosum gene clusters matched those of Ph. infestans, whereas the gene content similarity of Ph. infestans (listed on the left of Fig. 2 ) vs. Py. insidiosum (listed at the top) is 70%, indicating that 70% of the Ph. infestans gene clusters matched those of Py. insidiosum. Less than 25% of gene clusters present in the oomycetes matched those of the diatoms. Within oomycetes of the same genus, there were at least 70% shared gene clusters, for example: Albugo (≥72%), Phytophthora (≥74%), Pythium (≥75%), Aphanomycete (≥81%) and Saprolegnia (≥94%). Among 6 animal-pathogenic oomycetes, there is a broad range of gene content similarities (50-94%; the red box in Fig. 2 ), as well as among 14 plant-pathogenic SCIENTIFIC REPORTs | (2018) 8:4135 | DOI:10.1038/s41598-018-22540-1 oomycetes (34-95%). When the pair-wise comparison was performed at the genus level, the genus Pythium, unlike other genera, demonstrated lower gene content similarities against itself on average (Pythium vs. Pythium; average, 82%; range, 75-90%; the yellow box in Fig. 2 ), compared with that against the genus Phytophthora (Pythium vs. Phytophthora; average, 84%; range, 77-90%; the green box in Fig. 2 ).
Phylogenomic relationship.
To investigate the evolutionary relatedness and differences between oomycetes, a phylogenomic analysis was performed using a set of 2,073 core genes found across 20 oomycete genomes ( Supplementary Table S1 ). These core genes were found to produce phylogenetic trees with the best likelihood when the Generalized Time Reversal (GTR) evolutionary model was used (see the Methods). Concatenation of 2,073 individual core gene sequences produced a final multiple sequence alignment that is 2,455,151 positions in length. The concatenated multiple sequence alignment was then used to create a maximum likelihood phylogenomic tree using GTR as an evolutionary model. The resulting phylogenomic tree is shown in Fig. 3 . Our phylogenomic tree separated almost all oomycetes according to their genera, with an exception to Py. vexans, which was separated from the other Pythium species, and phylogenetically proximal to the Phytophthora species and Hy. arabidopsis. For the genus Pythium, our phylogenomic analysis categorized all Pythium species, except Py. vexans, into two different clades: Group-A species (Py. insidiosum, Py. aphanidermatum, and Py. arrhenomanes), and Group-B species (Py. irregulare, Py. iwayamai, and Py. ultimum).
We also analyzed oomycete relatedness based on the hierarchical clustering of their gene presence profiles. In contrast to the 2,073 core gene-based phylogenomic tree, the resulting hierarchical clustering of gene presence profile-based tree showed that all oomycetes (including Py. vexans) were grouped according to their genera ( Fig. 4 ).
Elicitin gene family in oomycetes.
Because of their association with pathogenicity, we were interested in investigating elicitin-encoding genes in the oomycete genomes. A total of 121 elicitin gene clusters, defined by the Oomycete Gene Table, were differentially present in all oomycetes, but absent in diatoms (Fig. 5 ). The organisms in the genera Pythium and Phytophthora harboured more elicitin gene clusters (average, 48 clusters/species; range, 34-55) than other genera (average, 13 clusters/species; range, 4-29). The elicitin gene clusters 88, 89 and 90 were found across all oomycetes (the ' All' box in Fig. 5 ). Some elicitin gene clusters appeared to be genus-specific, that is, clusters 1-29 of Pythium (the 'Py' box in Fig. 5 Figure S2 . BLAST2GO also allocated 1,177 proteins (8% of all proteins) with 1,296 different enzyme commission (EC) numbers into six classes: Oxidoreductases (193 proteins), Transferases (442 proteins), Hydrolases (425 proteins), Lyases (68 proteins), Isomerases (65 proteins) and Ligases (103 proteins) ( Supplementary Table S2 ). Based on InterProScan, 5,113 different domains were detected in 10,242 proteins (68% of all proteins) and the top 40 domains are shown in Supplementary Table S3 . SignalP identified signal peptides (average length, 23 amino acids; range, 11-56) in 1,208 proteins (8% of all proteins). Transmembrane helices were predicted in 3,142 proteins (21% of all proteins). Effect of temperature on protein expression in Py. insidiosum. Changes in Py. insidiosum protein abundance, upon exposure to increased temperature, were assessed using LC-MS/MS data of the 25 °C and 37 °C SABHs (two replicates each). Unquantifiable proteins, assigned as 'no emPAI' (see the Methods), were excluded. There were 344 validated proteins recruited for comparison of protein abundances. Py. insidiosum exhibited 212 relatively high-and 124 relatively low-abundance proteins in the 37 °C SABHs, compared with the 25 °C SABHs. Of these differentially expressed proteins, 53 and 40 were at least twofold up-and downregulated, respectively ( Supplementary Table S4 ). The top upregulated proteins included cyclophilin-A (45-fold increase), peroxiredoxin-2 (15-fold), inositol-3-phosphate synthase (13-fold), alanine aminopeptidase (10-fold) and proteasome subunit beta type-6 (10-fold), whereas the markedly downregulated ones included 6-phosphogluconate dehydrogenase (40-fold decrease), a hypothetical protein (22-fold) and glucokinase (10-fold). Table, which included 98,988 unique homologous gene clusters, 997 gene clusters were found only in Py. insidiosum (Fig. 1 ). From these Py. insidiosum-specific gene clusters, we identified 1,194 predicted genes. Of these, 85% (1,013 predicted proteins) had no positive BLAST hits in the NCBI database and the other 15% (181 proteins) matched proteins with unknown function. The LC-MS/MS analyses detected peptides that map to 116 of these Py. insidiosum-specific proteins. Signal peptide and transmembrane helices were predicted in 194 and 199 proteins, respectively. Thirty-three adhesin-like proteins were predicted by FungalRV.
Validation of predicted proteins of

Py. insidiosum-specific genes. Based on the Oomycete Gene
Putative virulence genes of Py. insidiosum. All predicted proteins were used as queries for a BLAST search against the MvirDB database, a collection of pathogen virulence factors 25 . A total of 1,820 proteins (12% of all proteins) found matches, which can be classified into five groups: (i) virulence factors (887 proteins), (ii) pathogenicity islands (584 proteins), (iii) toxins (240 proteins), (iv) antibiotic resistance-related proteins (99 proteins) and (v) a miscellaneous group (10 proteins). The top 40 protein hits for the defined virulence factors are listed in Table 2 . The matched virulence factors with highest probability (E-value, 0.0) were heat shock protein 70, carbamoyl phosphate synthetase II, chaperone protein ClpB, oligopeptidase B, tripeptidyl peptidase 2 and urease. Among the top-ranking putative virulence proteins of Py. insidiosum (Table 2) , the urease (Ure1), which is 844 amino acids long ( Fig. 6a ), was selected for further characterisation. Forty LC-MS/MS peptides map to eight different regions in the Ure1 sequence (Fig. 6b ). The Py. insidiosum urease, Ure1, had a high degree of sequence homology (E-value, 0.0; identity, 57%; similarity, 71%; Fig. 6c ) and shared domain architecture ( Fig. 6a ) with the Cryptococcus neoformans urease URE1 (accession number, AAC62257). Three different clinical isolates (Pi19, Pi20 and Pi-S) of Py. insidiosum gave a positive urease reaction ( Fig. 6d ).
Discussion
The genomes of 20 oomycetes and 2 diatoms altogether contained 368,724 genes, which can be grouped into 98,988 homologous gene clusters ( Fig. 1 ). Of all of the unique gene clusters, 4,371 were assigned to 'Core 1' as they were found in every genome. However, since the genome data of Py. arrhenomanes and Py. iwayamai appeared to have lower quality (i.e. a larger number of contigs and shorter N 50 length; Table 1 ), this number of core gene clusters was probably lower than it actually was. The core gene clusters (i.e., Cores 1, 2 and 3) generally contained housekeeping genes, whereas most of the other gene clusters contained genes with no defined function ( Fig. 1 and Supplementary Fig. S1 ). Pair-wise comparison of the gene contents, at the genus level, showed an unexpected finding, where the similarities of Pythium vs. Pythium (average, 82%) were lower than those of Pythium vs. Phytophthora (average, 84%) ( Fig. 2 ). This finding suggests that the vast majority of gene contents present in the genus Pythium are present in the genus Phytophthora (which generally harbours larger genomes than Pythium; average genome size: 101 Mb vs. 43 Mb; Table 1 ). How evolution contributed to this paradoxical observation in Phytophthora and Pythium is an interesting issue, and requires further investigation.
We explored the evolutionary relationships among oomycetes, at the genome scale, by generating hierarchical clustering of the gene presence profile-based tree (which summarises the relatedness of genomes according to the gene contents) and a 2,073 core gene-based tree (which focuses on the relatedness of genomes according to the core gene set). The former tree, based on the gene content, showed that all oomycete organisms were nicely grouped according to their genera (Fig. 4) . However, the latter tree, based on the core genes, placed the organisms into expected clades, according to their genera, with an exception for Py. vexans (which appeared in a separate clade, apart from Pythium, but closer to the Phytophthora species and Hy. arabidopsis) (Fig. 3) . Recently, Py. vexans has been reclassified into the genus 'Phytopythium' , and its current binomial name is Phytopythium vexans, based on phylogenomic analyses 26 . Taken together, our results suggest that species of Pythium and Phytopythium share a common ancestor, but may have secondarily gained or lost different sets of genes as they went through their evolutionary journey. For the genus Pythium, our phylogenetic trees separated various Pythium species into two different clades (Figs 3 and 4) , which were correlated with their pathogenic characteristics. Specifically, two of Figure 3 . A maximum-likelihood phylogenomic tree generated by a set of 2,073 core genes found across all 20 oomycete genomes (total concatenated multiple sequence alignment length of 2,455,151). Descriptions of all 2,073 core genes are shown in Supplementary Table S1 . The tree categorizes all Pythium species, except Pythium vexans (currently reclassified as Phytopythium vexans; indicated by asterisk), into clades A and B. The reliability of the trees tested by bootstrap analysis to support each branch is indicated. the Group A species (i.e. Py. insidiosum and Py. aphanidermatum) are known to have the ability to infect humans, whereas all Group B species are strictly plant pathogens [6] [7] [8] 11 .
Elicitins form a unique protein family found in oomycetes (mainly Phytophthora and Pythium) and are not present in other organisms [27] [28] [29] . The proteins function as sterol carriers and act as 'pathogen-associated molecular patterns' in plants [30] [31] [32] [33] [34] . We used the Oomycete Gene Table to search for elicitins in 22 genomes (Table 1) . Elicitins were absent from diatoms, but present in all oomycetes (Fig. 5 ). Phytophthora and Pythium harboured a more extensive set of elicitins than the other genera. The elicitin family, thus, could be an example of genes that existed in a common ancestor and subsequently underwent differential gene expansion, gene loss and gene modification during evolution.
There are 14,962 predicted genes in the genome of Py. insidiosum 19 , most of which (~80%) had no match to any given genes with defined function. Predicting protein sequences based on predicted eukaryotic genes, especially those without homologous sequences in the database, can be complicated by the presence of introns and six possible reading frames. Peptide mapping can circumvent this obstacle, and it enabled us to successfully validate ~30% of the theoretically translated proteins of Py. insidiosum. Peptide mapping is thus a useful method that can increase the reliability of gene annotation. We also utilised the mass spectrometric data to initially explore proteins that might be associated with the growth of Py. insidiosum at body temperature. Fifteen proteins exhibited ≥5-fold greater abundance upon a shift to a higher temperature (25 °C to 37 °C; Supplementary Table S4 ). The SignalP program 35 identified no signal peptide among these 15 upregulated proteins, suggesting that they are nonsecreted proteins and could function inside the cell. In addition, based on the COG analysis 23, 24 , the majority of these proteins were predicted to be involved in: (i) metabolism and transportation of amino acids, nucleotides, carbohydrates or lipids (eight proteins); and (ii) post-translational modification, protein turnover and chaperones [five proteins, including cyclophilin-A, which was the most highly (45-fold) upregulated]. Such upregulated proteins might prove to be necessary for the temperature tolerance and infectivity of Py. insidiosum.
Most pathogenic oomycetes infect plants. Py. aphanidermiatum, a well-known plant pathogen, has been recently reported to infect humans 7, 8 . Unlike Py. insidiosum, the human infection caused by Py. aphanidermatum is extremely rare (only two cases) and has only been reported in patients with an unusual status (soldiers with severe blast injury), living in a specific geographic location (i.e. Afghanistan). Differences in host range, underlying status of the host and clinical features suggest different mechanisms behind the pathogenicity of Py. insidiosum and Py. aphanidermatum. In the current study, we focus on how Py. insidiosum developed the ability to infect humans. It would be expected that Py. insidiosum has gained a special set of genes necessary for human infection during its evolution. We began to address this hypothesis by looking for Py. insidiosum-specific genes (based on comparative genomic analysis) and putative virulence factors (based on an MvirDB database search) 25 . We found 1,194 Py. insidiosum-specific proteins, without homology to any reported proteins. Of these proteins, ~10% can be readily validated (by peptide mapping) in terms of their expression in Py. insidiosum. Secretory and surface proteins are important for microbial pathogenesis, as they act at the interface of host-pathogen interactions. A number of secretory and adhesin-like proteins (~200 each) were predicted, and could serve as a subset of virulence factor candidates, to be the subject of further analysis. The life cycle of Py. insidiosum has already been reported by Mendoza and colleagues 36 . Zoospores are considered to be infective units that could initiate infection, upon direct exposure to humans or other animals. In conjunction with the genome study, future transcriptome analysis of the zoospores could lead to the identification of genes responsible for the initial stage of Py. insidisoum infection. Different pathogens may employ similar pathogenic strategies, using shared virulence factors. Py. insidiosum contained 1,820 proteins that matched known virulence factors 25 . Among the top-ranking putative virulence proteins of Py. insidiosum (E-value, 0.0; Table 2 ), only the urease (Ure1) was unmatched in the NCBI reference proteins of humans (taxid: 9606), suggesting Ure1 as a potential diagnostic and therapeutic target. The LC-MS/ MS-derived peptides mapped throughout the Ure1 sequence ( Table 2 ; Fig. 6b ), indicating that Ure1 was actually expressed. Because Py. insidiosum had one copy of the urease-encoding gene (Ure1) in its genome, the positive result of the urease test (Fig. 6d ) was probably due to urease activity of the Ure1 protein. In pathogenic bacteria and fungi (i.e. Helicobacter pylori and Cr. neoformans), urease hydrolyses host urea to ammonia, in order to counteract the acidic environment, inhibit immune responses or destroy host tissue [37] [38] [39] . The Py. insidiosum urease Ure1 protein shares significant sequence similarity and domain architecture with the Cr. neoformans URE1 (Fig. 6a,c) . Functional characterisation of Ure1 (i.e. gene cloning and expression, loss-of-function study by gene silencing and pathogenicity study in an animal model) is underway to investigate whether this enzyme is involved in the pathogenesis of Py. insidiosum.
In summary, we generated an Oomycete Gene Table to explore the genome contents and phylogenomic relationships of Py. insidiosum and 19 other oomycetes. Changes in gene contents, during the course of evolution, could have contributed to phenotypes that might be associated with speciation, host specificity and virulence of the oomycetes. Py. insidiosum is a prominent human pathogenic oomycete that appeared to be closely related to Pythium species that are not pathogenic to humans. The human specificity of Py. insidiosum should depend on a set of acquired pathogenicity genes. Indeed, a handful of Py. insidiosum-specific, body temperature-dependent and putative virulence proteins have been identified, and could serve as initial targets for investigating the mechanisms behind the pathogenesis of this species. The Py. insidiosum urease Ure1 is a putative virulence factor, as it shared sequence similarity and domain architecture with the virulence factor urease, URE1, of Cr. neoformans. Since humans do not contain urease 39 , Ure1 is a potential diagnostic and therapeutic target of Py. insidiosum.
Methods
Ethics statement. This study was approved by the Committee on Human Rights Related to Research
Involving Human Subjects, at the Faculty of Medicine, Ramathibodi Hospital, Mahidol University (approval number MURA2011/412). All methods were performed in accordance with the relevant guidelines and regulations.
Genome sequences of Py. insidiosum and related oomycetes. The genome sequences of Py. insidiosum (strain Pi-S) and 19 other oomycetes, including 6 Pythium species, 6 Phytophthora species, 2 Albugo species, 2 Aphanomyces species, 2 Saprolegnia species and a Hyaloperonospora species, were retrieved from public databases (Table 1 ). Genome sequences of two diatoms were also recruited to serve as outgroups ( Table 1 ).
Grouping of genes into homologous gene clusters for gene content comparison. All genes
found in the 22 genomes (Table 1) were processed in a sequence similarity-based gene grouping to compare gene content across multiple genomes using a Gene Table protocol, previously published by Kittichotirat and colleagues 40 . For each sequence comparison, we used the following thresholds to group genes into the same cluster: BLAST E-value of 10 −6 , pairwise sequence identity of at least 30% and pairwise sequence alignment coverage for both query and subject of at least 50%. The final homologous gene cluster results are presented in the Oomycete Gene Table, where each row represents a gene and each column represents a genome used in this study. Each cell in the table contains information regarding homologous genes or genomic regions that were found in the corresponding genome. Identification and alignment of core genes across oomycete genomes. Core gene were identified by scanning through the homologous gene cluster data for genes that appeared to be present in all 20 oomycete genomes. For each core homologous gene cluster, the longest gene member was used as a query and orthologous sequences from other oomycete genomes were identified by using NCBI TBLASTN 41 with e-value cutoff of 1e-6 and coverage of more than 50%. We obtained orthologous core gene sequences in this manner to avoid cases where a gene was not originally identified in a genome even though the sequence or a part of the sequence is present in the genome sequence data. The orthologous sequences of each gene were then aligned using the PhylomeDB pipeline (https://github.com/Gabaldonlab/phylomizer) 42 . Briefly, three different software, which are MUSCLE v3.7 43 , MAFFT v7.313 44 and Kalign v2.04 45 were used to create multiple sequence alignments in both forward and reverse directions (also known as Head or Tail approach 46 ). M-Coffee 47 was then used to combine all six multiple sequence alignment results into a consensus alignment. Finally, trimAl v1.4rev22 48 was used to trim poorly aligned regions present in the consensus alignment result with the consistency and gap score cut-off of 0.1667 and 0.1 respectively.
Reconstruction of oomycete phylogenomic tree. The phylogenomic tree reconstruction was done by using the approach described by Capella-Gutierrez and co-workers 49 . Briefly, the process started by reconstructing a phylogenetic tree from each alignment using the Neighbor Joining (NJ) method 50 . Seven different evolutionary models (HKY85, JC69, K80, F81, F84, TN93, and GTR) were then used to calculate the likelihood of the NJ tree topology, with branch-length optimization permitted, using PhyML v3.0 51 . Next, the AIC criterion 52 was used to compare the likelihood of the used models to identify the model that fitted best with each alignment data. This process was applied to all core gene alignments and the alignments were grouped based on the best fitted evolutionary model. The individual alignments in the largest group were then concatenated and PhyML v3.0 was used to construct the Maximum Likelihood tree from the concatenated alignment using the corresponding best fitted model with the following options: (i) Tree topology search operation set to Subtree Pruning and Regrafting (SPR), (ii) Nucleotide frequencies estimated by counting the occurrence of the different bases in the alignment, (iii) Proportion of invariable sites estimated by the maximum likelihood approach, (iv) Value of the gamma shape parameter estimated by the maximum likelihood approach, (v) Number of relative substitution rate categories set to 8, (vi) Branch supports set to Chi2-based parametric method, (vii) Parameter optimizations carried out on tree topology, branch length and substitution rate parameters. Finally, the FigTree software v1.4.0 (http://tree. bio.ed.ac.uk/software/figtree/) was used to draw the phylogenomic tree result where tree rooting was done using midpoint approach.
Genome relatedness based on hierarchical clustering of gene presence profile. The homologous gene cluster result was used to create the gene presence profile data. A value of 0 or 1 was assigned to denote the absence or presence of a gene in each genome, respectively. A value of 1 was also assigned to cases in which a gene SCIENTIFIC REPORTs | (2018) 8:4135 | DOI:10.1038/s41598-018-22540-1 was not predicted but a homologous genomic region was found in that particular genome. Hierarchical clustering of gene presence profiles based on relative Manhattan distance and bootstrapping analysis was performed using the R programming language.
Annotation of Py. insidiosum genome. The 19 underwent gene prediction, using the transcriptome of Py. insidiosum 20 , the predicted proteome of Py. ultimum 18 and an array of bioinformatics tools 53 , including RepeatMasker (http://www.repeatmasker.org), CEGMA 2.5 54 , GeneMark-ES 55 , Augustus 2.5.5 56 and MAKER2 57 . To annotate the genome of Py. insidiosum, all deduced protein sequences were subjected to (i) a BLAST search against the NCBI nonredundant protein database (E-value cut-off, <−6), (ii) GO assignment using BLAST2GO 58 and (iii) domain identification using InterProScan 5 59 , Conserved Domain Database 60 , TMHMM 2.0 61 and SignalP 35 . Putative virulence genes of Py. insidiosum were predicted based on a sequence homology search against the MvirDB database 25 . Adhesin-like proteins were predicted using FungalRV 62 . Selected proteins were aligned for sequence similarity and checked for protein architecture using MUSCLE 63 , NCBI BLAST and CD-search programs (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
Extraction of Py. insidiosum proteins. Ten small pieces (5 × 5 mm) of Sabouraud dextrose agar with actively growing Py. insidiosum (strain Pi-S), cut from a one-week-old colony, were transferred to two 500-ml Erlenmeyer flasks containing 100 ml of Sabouraud dextrose broth and incubated with shaking (150 rpm) for 10 days at 25 °C and 37 °C. Hyphae were harvested by filtration through Whatman filter paper No. 1 (pore size, 0.75 µm). The organism was ground in a precooled mortar, in the presence of liquid nitrogen. Ruptured hyphae were transferred to a 50-ml conical tube with 30 ml of cold sterile distilled water and mixed by inversion. The resulting cell lysate was centrifuged at 4,000 × g for 1 h (Beckman Coulter) to collect supernatant, which contained water-soluble proteins called soluble antigens from broken hyphae (SABHs) 64, 65 . SABHs were concentrated 80-fold using an Amicon centrifugation tube (10,000 nominal-molecular-weight limit; Millipore), before storage at −20 °C. Overall, SABHs were prepared in four replicates (two each from Py. insidiosum grown at 25 °C and 37 °C).
Preparation of tryptic-digested proteins. Ten micrograms of SABH was mixed with 2× protein loading buffer, containing 2× Laemmli sample buffer (Bio-Rad Laboratories, USA) and 2-mercaptoethanol, and denatured by heating at 65 °C for 10 min. The sample was subjected to one-dimensional SDS-PAGE, using 5% stacking and 12% resolving gels, and a mini-vertical electrophoresis system (Bio-Rad Laboratories, USA). The gels were stained with Coomassie brilliant blue G250. An individual lane of the SDS-PAGE gel was segmentally cut along its length into small pieces. To perform in-gel digestion, gel pieces were destained until colourless, using acetonitrile (50%) in 50 mM NH 4 HCO 3 . After the destaining solution had been removed, 10 mM dithiothreitol was added to the gel pieces, followed by incubation at 60 °C for 15 min. Proteins were alkylated using 55 mM iodoacetamide in 50 mM NH 4 HCO 3 at room temperature for 30 min in the dark. Following the removal of all solution, the gel pieces were dehydrated by 100% ACN (Sigma-Aldrich, USA) and dried at room temperature. Protein digestion was performed overnight at 37 °C, using 0.1 mg/mL trypsin (Sigma-Aldrich, USA) in 50 mM ammonium bicarbonate. Peptides were extracted in 50% ACN. The resulting supernatant was transferred to microcentrifuge tubes and dried in a centrifugal concentrator (TOMY, Japan) at 45 °C.
Liquid chromatography-mass spectrometric analysis. Each tryptic-digested fraction was resuspended in 0.1% formic acid and introduced to an Ultimate 3000 nano-LC system (Dionex, Surrey, UK). The separation was performed at a flow rate of 300 nL/min under a 45-min gradient. The Acclaim PepMap RSLC 75 μm × 15 cm nanoviper C18, 2-μm particle size, 100-Å pore size (Thermo Scientific, Waltham, MA), was used as a reverse-phase chromatography column. Mobile phase A was 2% (v/v) acetonitrile and 0.1% (v/v) formic acid in HPLC-grade water, and mobile phase B was 0.1% (v/v) formic acid in HPLC-grade acetonitrile. The eluate was sprayed to a MicroToF Q II mass spectrometer (Bruker, Bremen, Germany). Data were acquired using Hystar software (Bruker Daltonics, Germany). The survey scan mode covered the mass range of m/z 400-2500 and the MS/MS spectra covered the mass range of m/z 50-1500.
The '.d' files from the microTOFQ II mass spectrometer were converted to '.mgf ' files by Compass DataAnalysis software (Bruker Daltonics, Germany) and used as queries for database sequence searches against the Py. insidiosum proteome 19 , using an in-house Mascot server (version 2.3.0; Matrix Science, USA). Trypsin was set as the enzyme. Only one missed cleavage site was allowed in the search. Variable modifications were set as carbamidomethyl (C) and oxidation (M). MS peptide and MS/MS tolerances were set at 0.6 Da and 0.8 Da, respectively. To reduce false-positive identification, only peptides with 95% confidence were reported in this study. Abundances of the proteins were calculated, based on the exponentially modified protein abundance index (emPAI) 66, 67 . Each protein match was reported as (i) actual amount in emPAI units, (ii) 'no emPAI' (if the protein was detectable, but unquantifiable) or (iii) 'n/a' (if the protein was undetectable).
Urease assay.
A 5-mm-diameter Sabouraud dextrose agar plug with actively growing Py. insidiosum mycelia from three different isolates (Pi19, Pi20 and Pi-S) was transferred to a urease test tube (CLINAG, Thailand) and incubated at 37 °C for 7 days. Positivity for urease was identified if the urea-containing agar turned pink, while negativity was assigned if it remained yellow. Data availability. All data generated or analysed during this study are included in this published article (and its Supplementary Information files) and are available from the corresponding author on reasonable request. The DNA sequence of the putative urease gene (Ure1) present in the genome of Py. insidiosum (strain Pi-S) has been submitted to the DNA Data Bank of Japan database, under accession number LC317047.
